We present a revised method for the determination of concentrations of rare earth (REE) and other trace elements (Y, Sc, Zr, Ba, Hf, Th) in geological samples. Our analytical procedure involves sample digestion using alkaline fusion (NaOH-Na2O2) after addition of a Tm spike, co-precipitation on iron hydroxides, and measurement by sector field-inductively coupled plasma-mass spectrometry (SF-ICPMS). The procedure was tested successfully for various rock types (i.e., basalt, ultramafic rock, sediment, soil, granite), including rocks with low trace element abundances (sub ng g−1). Results obtained for a series of nine geological reference materials (BIR-1, BCR-2, UB-N, JP-1, AC-E, MA-N, MAG-1, GSMS-2, GSS-4) are in reasonable agreement with published working values.
Introduction
Trace element geochemistry provides unique information on geological and environmental processes on Earth (e.g. igneous processes, sedimentary processes, past ocean chemistry). One of the methods of choice for analysing and quantifying trace elements in geological samples is inductively coupled mass spectrometry (ICPMS).
A prerequisite to determine precise and accurate trace element abundances by ICP-MS is a complete sample digestion. Incomplete dissolution of highly resistant minerals in e.g. sediments, soils, granitoid and ultramafic rocks, may cause biased results for a number of trace elements, such as for Ba (barite), Zr and Hf (zircon), and rare earth elements (e.g. garnet, zircon). Total digestion of rocks bearing refractory minerals is achieved commonly using HF-acid mixtures in highpressure sealed Teflon bombs at high temperatures (>160°C) for several days (Yu et al., 2001 ). An alternative method to acid digestion is the use of fusion techniques (e.g. LiBO2, KHF2, K2B4O7, K2CO3, Na2CO3, Na2O2, NaOH), which ensure rapid and complete digestion of all rock-forming minerals, including those highly resistant minerals (Hall et al., 1990; Rivoldini and Fadda, 1994; Jin and Zhu, 2000; Yu et al., 2001; Meisel et al., 2002; Duan et al., 2002; Panteeva et al., 2003) . Until recently, fusion techniques coupled to ICP-MS analysis have remained neglected mainly because: 1) contamination problems from impure reagents and metal crucibles (e.g. Pt); 2) the yield of high total dissolved solids, which requires large sample dilution or analyte separation before analysis (e.g. Jin and Zhu, 2000) , and 3) possible loss of sample during analytical procedure. A procedure was developed recently, which involves alkaline fusion (NaOH-Na 2 O 2 ) and pre-concentration using Fe(OH) 3 -Ti(OH) 4 co-precipitation prior to analysis by ICP-MS (Duan et al., 2002) . This method was applied successfully to soil and sediment samples for a number of trace elements (REE, Cd, In, Tl, Th, Nb, Ta, Zr and Hf) .
In this study, we investigated whether the procedure developed by Duan et al. (2002) for soils and sediments could be equally applied to other rock types, with particular emphasis on rocks bearing highly resistant minerals and highly-depleted rocks. Our aim was to simplify the overall procedure by combining alkaline fusion with the addition of Tm (Barrat et al., 1996) . This approach allows calculation of trace element concentrations by adding a small amount of Tm to the sample to produce a positive Tm anomaly in the resulting REE pattern.
More importantly, it allows quantification of trace element abundances even if there is sample loss during the procedure.
Experimental Reagents and materials
During the course of our experiments, the following reagents were used: analytical pure grade (puriss. pro analysis) sodium peroxide (Na 2 O 2 small beads, Fluka) and sodium hydroxide (NaOH pellets, Riedel-de-Haën), Ti (~ 10,000 µg ml -1 , Johnson Matthey and Co, Ltd) and Fe (~ 50,000 µg ml -1 , cleaned by solvent extraction with isopropyl ether) standard solutions, Tm standard solution (Custom-Grade Standard, Inorganic Ventures inc., CGTM1-1), nitric acid (Merck, commercial) purified by sub-boiling distillation, high-quality deionised (18.2 MΩ) Millipore ® water. Glassy carbon crucibles made of Sigradur ® (CEP Ind.) were used for fusion.
Nine certified reference materials were analysed to validate our procedure. Those included two basalts: BCR-2 (United States Geological Survey, USGS) and BIR-1 (USGS); two ultramafic rock (peridotites): UB-N (Centre de Recherches Pétrographiques et Géochimiques, CRPG) and JP-1 (Geological Survey of Japan, GSJ); two granites : AC-E (CRPG) and MA-N (CRPG); two marine sediments: MAG-1 (USGS) and GSMS-2 (Chinese Academy of Geological Sciences, CAGS); and one soil: GSS-4 (CAGS). Another rock standard (basalt BHVO-2, USGS) was also analysed to correct for instrumental drift and calibration purpose.
Procedure
Our experimental procedure largely followed that described by Duan et al. (2002) . Several separate digestions of our nine geochemical reference standards were processed. Duan et al.
(2002) recommended addition of 2 mg of both TiO 2 and Fe 2 O 3 to samples before fusion to ensure complete co-precipitation of REE, Nb, Ta, Zr and Hf. In this study, we considered that the rock types investigated (i.e. peridotite, basalt, granite, sediment, soil) contained sufficient amounts of Fe (from ~ 2.5 to 14 wt% Fe 2 O 3 ) to initiate Fe-oxyhydroxide co-precipitation and, hence, did not require addition of any extra Fe. Additional Fe (2 mg) was added to one rock standard only (MA-N), because it exhibits very low Fe contents (~ 0.4 wt% Fe 2 O 3 ). The effect of Ti addition on trace element co-precipitation was investigated further by spiking with Ti (2 mg) a few of our series of rock standards.
About 80 ng of Tm (in solution) were added to a crucible, weighed accurately, and evaporated to dryness on a hotplate. About 100 mg of sample powder were weighed carefully, then placed in the crucible with 1.2g Na 2 O 2 , 0.6g NaOH and fused in a muffle furnace at 650°C for 15 minutes. After cooling the crucible (~ 3 min), the melt was dissolved and iron hydroxides were precipitated by adding 10 ml of ultra-pure water, then transferred into a PTFE beaker.
The crucible was rinsed with an additional 20 ml of ultra-pure water. Complete coprecipitation was achieved by heating the PTFE beaker at 130°C on a hotplate for two hours.
The solution was then rinsed into a pre-cleaned centrifuge tube and centrifuged for 3 min at 3000 rpm. The clear supernatant was decanted and the centrifuge tube was filled with 15 ml of ultra-pure water, stirred, and then centrifuged again. The same procedure was repeated twice more in order to completely wash the Fe-(Ti) hydroxides. The Fe-(Ti) hydroxides were then dissolved in 6M HCl, transferred into acid-cleaned HDPE bottles, and stored as 'mother' solution (~ 20 ml). Finally, a few hours before measurement, an aliquot of the 'mother' solution was dried down, taken up in 200 µl concentrated HNO 3 acid, and diluted with 10 ml ultra-pure water.
Instrumentation and analysis
The instrument used was a ELEMENT 2 (Thermo Electron, Bremen, Germany) sector field inductively coupled plasma mass spectrometry (SF-ICP-MS), equipped with an ASX 100 autosampler (CETAC Technologies, Omaha, NE, USA). This instrument can be operated in low (LRM, m/∆m approx. 300), medium (MRM, m/∆m=4500) and high resolution mode (HRM, m/∆m=9200), depending on the required sensitivity and potential interferences for each element. Details of instrumental operating conditions and measuring parameters are given in Table 1 . The REE were analysed with the low resolution mode to enhance sensitivity, but were corrected for oxide and hydroxide interferences by analysing solutions of ultra-pure water, Ba + Ce, Pr + Nd and Sm + Eu + Gd + Tb at the beginning of the measurement cycle, following the procedure of Barrat et al. (1996) .
Drift correction
In each of our batches, one reference sample (BHVO-2), unspiked (no added Tm), was processed along with the other rock standards. Samples were analyzed in sequences containing acid blanks (2% HNO3), procedural blank, BHVO-2 reference solution, and samples. The BHVO-2 reference solution was run after every three samples, for the correction of instrumental drift.
Quantification using Tm addition
The principles of the calculation of trace element abundances in any sample spiked with Tm were described previously by Barrat et al. (1996) . The accuracy of the method has been illustrated for various types of samples such as volcanics, carbonates, phosphates, waters, and a variety of extraterrestrial samples (e.g., Barrat and Nesbitt, 1996; Barrat et al., 2000a Barrat et al., ,2000b Barrat et al., , 2007 Picard et al., 2002) . The calculations are briefly summarized here.
Raw data are first corrected for drift, procedural blank and interferences. Then, raw elemental concentrations in sample solutions are calculated using the corrected data for the BHVO-2 and sample solutions. At this stage, it is important to note that these calculated raw concentrations are not absolute concentrations. [X] , the abundance in a sample of the element X (in µg g -1 ) can be obtained using M, the mass of sample spiked with Tm (in g), the amount of Tm added (MTm in µg), and CX, CEr and CYb, the raw concentrations for X, Er and Yb (in µg g -1 ) in the sample solution, respectively:
[X] = (MTm . CX)/((M . (CTm -CTm*)) Where CTm* is the calculated Tm concentration in the sample solution with no spike contribution. CTm* is easily obtained using the chondritic abundances (e.g., Evensen et al.
1978):
CTm* = 0.02561 ((CEr/0.166).(CYb/0.1651)) 1/2
Of course, such a calculation is valid only if the HREE abundances of the sample are normal, i.e. in other words, only if its REE pattern does not exhibit a Yb anomaly, a feature that has been observed in rare extraterrestrial minerals, but never in terrestrial rocks. An important requirement in our procedure is that the BHVO-2 standard used for quantifying trace element abundances must be processed in the very same way as all other samples analysed, i.e. digested using alkaline fusion. In doing so, even if Tm does not behave the same way as other elements during the co-precipitation of Fe-oxides (i.e. if the effectiveness of its recovery during Fe(OH) 3 co-precipitation slightly differs from that of other elements), this effect is cancelled out by using BHVO-2 for quantification.
Results and discussion

Total procedural blanks
Total procedural blanks were prepared using the same method as for rock samples, with addition of Fe (2 mg) and (or without) Ti (2 mg), to initiate trace element co-precipitation (Table 2) . Reagent blanks for Fe and Ti solutions were run and subtracted to the total procedural blanks. Instrumental detection limits for each element measured, calculated as three times the standard deviation on a series of ten duplicates of a 2% HNO 3 solution, are also listed in Table 2 as ng g -1 equivalent in rock sample. Procedural blanks are similar for most elements with or without Ti addition, with the exception of Zr, Hf and Th, which are much higher (~700%, 500% and 200%, respectively) with Ti addition. For the elements listed in Table 2 , blank contributions to total signal intensities are typically below 0.1% for MAG-1, GSS-4, GSMS-2, AC-E and BCR-2, and below 1% for BIR-1. Blanks are the same throughout but, for the most depleted rocks i.e. MA-N, UB-N and JP-1, they can represent a higher proportion of the total concentration. For MA-N and UB-N, averaged blank contributions in undoped samples (without Ti addition) are below 5% for all elements, with the exception of Ba (up to 15%) and La (up to 20%). For JP-1, total blanks in undoped samples are below 5% for Y, Sc, Zr, Hf, mid REE (Gd, Tb, Dy, Ho) and heavy REE (Er, Tm, Yb, Lu), but are higher for Ba and Eu (~20%), La and Ce (~25%), Pr (~10%), Sm (~15%) and Th (~30%).
Oxide formation rates
Oxide formation rates during the course of this study were generally ~0.1% for BaO+/Ba+, <0.1% for CeOH+/Ce+ and ~3% for PrO+/Pr+. Barium oxide interference on the 151 Eu signal was negligible for most studied rocks, with the exception of MA-N (~10%) and JP-1 (~40%), due to the high Ba/Eu ratios (~2000 and ~5000, respectively) in those rocks. Cerium hydroxide and Pr oxide interferences on the 157 Gd signal were significant, ranging from 3% for BIR-1 to 30% for GSS-4. Oxide and hydroxide interference corrections for all other REE were negligible.
Ti-doped versus undoped samples
Results for Sc, Y, Zr, Ba, Hf, Th and the REE are given in Table 3 , both for Ti-doped and undoped samples. For the elements listed in Table 3 , measured concentrations in Ti-doped samples are very similar to those obtained for undoped samples. Duan et al. (2002) added extra Ti to their samples before fusion to ensure complete co-precipitation of those elements (e.g. Zr, Hf) sharing similar properties with Ti. In this study, addition of Ti during the fusion procedure has not led to significantly higher concentrations for Zr and Hf. The only notable exception is for UB-N (+20% and +10% in Ti-doped vs. undoped samples for Zr and Hf, respectively), but the higher concentrations in this sample after Ti addition could be possibly due to a high blank contribution (see above). Our results suggest therefore that quantitative measurement of Zr and Hf concentrations after alkaline fusion can be achieved without the need for Ti addition, even in the case of those Ti-poor rocks, such as MA-N (TiO2 ~ 0.01 wt%), UB-N and AC-E (~ 0.1 %), and JP-1 (~ 0.006 %).
Precision and accuracy
The precision of the measurements is given in Table 3 as the relative standard deviation (RSD), evaluated from both Ti-doped and undoped analytical series. Precision is better than 10% for most elements and typically below 5% for the REE.
For Such high RSDs most probably reflect low element abundances (for BIR-1, UB-N, JP-1 and MA-N), but could also reflect sample heterogeneity (for MA-N). In the case of coarsegrained granitoid rocks such as MA-N, it is possible that sample sizes on the order of 100 mg are slightly heterogeneous. This may introduce a bias resulting in less reproducible elemental concentrations.
The accuracy of our procedure was assessed by comparing our results to recommended (or suggested) values (i.e. Govindaraju, 1994 Govindaraju, , 1995 Jochum, 2005) and recently published high quality reference values when available ( analysed, including UB-N, MA-N and JP-1 (Fig. 1) . Note that there are large discrepancies in the published Eu data for JP-1 (Fig. 1) . This clearly reflects the difficulty in correcting BaO interference on the Eu signal in this rock characterized by a high Ba/Eu ratio (Nakamura and Chang, 2007) .
Other elements
In addition to those elements listed in Table 2 , U, Sr, Pb, Mn, Co, Ni, Cu, Nb and Ta were also investigated (see Table 1 ), but failed to provide reliable results (data not shown).
Several elements (Mn, Co, Ni, Cu) yielded relatively accurate results, but often with poor reproducibility. For Nb, Ta and U, accuracies were in most cases worse than 20%, both for
Ti-doped and undoped series. The poor accuracy and/or precision for these elements were most likely due to a high blank contribution (e.g. > 5% for Ni and Cu) and/or variable coprecipitation efficiency (e.g. Mn, Co, Nb, Ta, U). Further studies would be required to assess whether these elements could be measured accurately and precisely by ICP-MS after sample digestion by alkaline fusion.
Conclusions
The 
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